In this study, vibration analysis of a telescopic platform is conducted, and the platform structure is reconstructed to satisfy vibrational standards. The analysis is realised using solid modelling, finite elements and an analytical method. The results are verified using experimental modal techniques. Through the finite element and experimental modal approach free vibration analysis is carried out and natural frequencies are determined. Additionally, vibration accelerations of the structure are obtained by forced vibration analysis of the model. All calculations one performed on the new reconstructed structure, and it is determined whether the reconstructed structure satisfies the vibrational standards.
Introduction
Platforms are crane-like machines that lift workers and their equipment to desired heights and over various distances. The word 'platform' was only used to describe static structures such as bridges and ladders until the second half of the twentieth century. However, over the past 30 years, various types of platforms have been specified:
• jointed platforms
• trussed platforms
• load platforms
• telescopic platforms
• vertical platforms
In this study, we examine vibrations of telescopic platforms, which are widely used in construction areas, airports and harbours. Telescopic platforms are structures that have at least two long beams, with one sliding within the other, called booms. Usually, the second boom operates through hydraulic cylinders, and the other subsequent booms operate through chains. An example of a telescopic platform with five booms is shown in Fig. 1 .
A survey of the literature reveals that many studies have been conducted using the finite element method and three-dimensional modelling. Dayawansa et al. (2004) described cracks that grow in weld joints (called clusters), which protect the booms from catastrophic collapse, and the maintenance and repair techniques used to keep these joints in service. Karahan (2007) designed and analysed a two-level telescopic crane using the finite element method. The parts of the crane were designed in 3D using the Pro ENGINEER software program. The sheet thickness of the main stationary boom carrying the load was determined by performing stress analysis in the ANSYS workbench using the finite element method. Marjamaki and Makinen (2006) extended the idea of modelling a flexible telescopic boom using a non-linear finite element method in 3D. The boom was assembled using Reissner's geometrically exact beam elements. The sliding Fig. 1 . An example of a five-boom telescopic platform boom parts were coupled together by the elements where the slide-spring was coupled to the beam with the aid of the master-slave technique. A special element with a revolute joint and an element with an offset were developed. Telescopic movement was achieved by varying the length of the element and the connecting chains. Ozkan (2005) analysed connection points of a frame crane and investigated stress distributions of the connection point components. The commercial finite element package ANSYS was used for finite element analysis. The main objectives of the study conducted by Rusiński et al. (2006) were to discuss design problems associated with machines used in underground mining and to investigate the reasons why these problems arise in the cracked boom of an underground mine machine. Numerical and experimental approaches were pursued. The finite element method was used for numerical simulation. Fractographic and microscopic evaluation, chemical analysis and hardness tests were used to evaluate the materials. The objectives were achieved by numerical simulation of a cracked loader boom, material evaluations of specimens and comparison of the results obtained from both approaches. Numerical simulations were performed based on a discrete model of a jib boom using predefined boundary conditions. The finite element analysis of the jib boom provided information regarding stress distribution under extreme load conditions. The study involved macroscopic and fractographic inspection, microscopic evaluation as well as hardness testing of the materials used for the jib boom. Erdol (2007) performed static finite element analysis and weight optimisation of a box girder, which constitutes approximately 50% of the total weight of gantry crane structures. Trabka (2014) presented ten variants of a computational model for a telescopic boom crane that differs in the number and selection of flexible components. Modelling and numerical simulations were conducted using the finite element method. In the study, the compatibility of the numerical simulation results and test results of a real structure was qualitatively and quantitatively assessed. Time characteristics and frequency characteristics fter application of the discrete Fourier transformation were also analysed in the study. Posiadała and Cekus (2008) presented one degree of freedom discrete model representing vibration of the telescopic boom of a truck crane in the rotary plane. In the model, the influence of the hydraulic cylinder on the crane radius change was considered. Park and Chang (2004) applied time delay control and commandless input shaping technique, which is a modification-based on the concept of Input Shaping Technique to increase the productivity of the boom of the telescopic handler. Lastly, Sochacki (2007) , considered the dynamic stability of a laboratory model of the truck crane. In the study, the results in form of frequency curves for changing the geometry of the system were presented. In this study, vibrational analyses of telescopic platforms are conducted, and these structures are optimised to satisfy vibrational standards.
Models
In this study, a telescopic platform with five booms and a maximum operating height of 24 m has been selected for modelling. The booms are modelled in two different cross-sections: rectangular and annular. The telescopic platform which is was constructed using annular cross sectional booms, is named the 'reconstructed structure' in the study. All of the components of the platform are modelled using the Pro/ENGINEER software. The model consists of the following main parts: foundation, tower, booms, basket joint and basket. The first part that is modelled is the foundation. The foundation is based on a 4920 × 2100 mm area, and profiles with cross--sections measuring 80 × 160 × 6 mm are used for modelling where 80 mm represents height, 160 mm represents width and 6 mm represents thickness of the thin-walled rectangular section. The tower is mounted on the foundation using a group of gears located in the reduction gear box. The next part that is modelled is called the tower. The base flange of the tower has thickness of 20 mm. It consists of 16 × ∅17 mm holes that are used to mount the gear box. The tower can rotate 360 • around its axis, but its operation angle is limited to 180 • . The piston that connects the first boom to the tower is also modelled. The properties of the five booms modelled in this study are presented in Tables 1 and 2 for the rectangular and annular cross-section, respectively. The solid models for the booms with rectangular and annular cross-sections are also presented in Figs. 2 and 3, respectively. One of the most important components of the model is the basket joint. The basket joint is the vital part that connects the last boom to the basket in which the worker operates. The last component of the model is the basket in which the work operates. The basket is modelled using ∅30 × 2.5 mm round profiles. It has base area of 900 × 1500 mm and height of 1120 mm. The assemblies are constructed both for rectangular and annular section booms.
Finite element analysis for full assemblies
After the assembled 3D solid model of the telescopic platform is obtained, it is imported into the commercial finite element analysis software program ABAQUS for natural frequency and mode shape analysis. The approximate mesh size of the finite element model is 100 mm. The meshed finite element model is shown in Fig. 4 . Linear tetrahedral solid elements are used in the mesh and the material properties are taken as follows:
• density: 7850 kg/m 3 • Poisson's ratio: 0.3
• modulus of elasticity: 210000 MPa The first 10 natural frequencies are presented in Table 3 . In Table 3 , 'ip' and 'op' stand for the in-plane (XZ plane) and out-of-plane (XY plane) mode shapes, respectively.
The source of the excitation is mainly the engine, and the origin of the excitation has been accepted as the foundation; therefore, we conducted the forced vibration finite element analysis by applying the force to the foundation of the platform. The operating (excitation) frequency of the system is 12.875 Hz. This is the frequency of the system when the engine runs idle and the Table 3 , the natural frequency is f = 12.125 Hz, which is very close to the operating frequency of the system. This indicates a risk of resonance under operating conditions. Therefore, the model has been reconstructed. After reconstruction (annular boom profile), it has been clearly revealed that there is no natural frequency close to the operating frequency of the system, which validates the reconstruction.
Analytical solution for the five-boom model
For flexural modes, the boom is modelled as shown in Fig. 5 . 
The solution is
where A, B, C and D are the integration constants and
For a five-boom structure, the equations are arranged as below. The model of the booms of a telescopic platform with a point mass at the free end is shown in Fig. 6 , where M is mass of the point mass, and J is mass moment of inertia of the point mass with respect to the x-axis for in-plane and the y-axis for out-of-plane analysis 
Natural boundary conditions are
For torsional modes, the boom is modelled as shown in Fig. 7 . where A and B are the integration constants. For the booms of the telescopic platform
Geometric boundary conditions are
Transition boundary conditions are
The results of the finite element analysis and analytical solutions for both rectangular and annular cross-sectional five-boom systems are given in Tables 4-7. In Table 4 , 'ip' and 'op' stand for the in-plane and out-of-plane mode shapes, respectively. The value of the point mass is 200 kg, which is the sum of masses of the basket and the worker. The discrepancies in Tables  have been calculated 
Experimental modal analysis
To conduct forced vibration analysis using the finite element method, we need to determine the excitation force of the system. Due to the restrictions regarding the construction of the telescopic platform, it is impossible to locate a force transducer to measure the excitation force of the system. Instead, we measure the acceleration values of the foundation and basket. Then, we conduct a series of forced vibration analyses using the finite element method to satisfy these acceleration values measured at certain points using sensors on the platform. Thus, we obtain the excitation force value required to further reconstruct the structure. The positions of the sensors on the system are shown in Fig. 8 . A B&K 4524B triaxial CCLD piezoelectric accelerometer with frequency range of 0.25-3000 Hz and sensitivity of 100 mV/g has been used in the experiments. FFT analyses are conducted for 0-100 Hz (800 lines -0.125 Hz resolution) with sampling rate of 256 Hz (256 samples per second). The first triaxial accelerometer is located on the connection part between the foundation and the tower so we obtain the acceleration data for the foundation to create the simulation 
The main units written at the top of the axes in Fig. 9 and Fig. 10 are m/s 2 . 2m means 2 mm/s 2 where m stands for mm. 500u means 500 µm/s 2 where u stands for µm.
Using the results of spectral analysis, the acceleration values at the operating frequency have been determined. They are presented in Table 8 . Having realised the forced vibration analysis using the finite element method to satisfy the acceleration values, the distributed excitation force is determined to be 8.52 · 10 −6 ton/mm 2 (0.0836 MPa). This force has been used to analyse both assembly models (with rectangular and annular boom profiles).
Conclusions
In this study, vibrational analysis of a telescopic platform has been conducted. This structure has been reconstructed to satisfy vibrational standards (applying to the industrial safety regulations) and shift resonance frequencies. The vibrational analyses are conducted using solid modelling, finite elements and an analytical method. The results of the analysis are also verified using the experimental modal technique.
The operating (excitation) frequency of the system is 12.875 Hz. The table of natural frequencies of the original model indicates that there is a natural frequency value of 12.125 Hz that is very close to the operating frequency of the system. This reveals a risk of resonance under operating conditions. After reconstruction, it has been clearly revealed that there is no natural frequency close to the operating frequency of the system, which validates the reconstruction.
Although it is impossible to locate a force transducer on the system and to measure the acting force, the distributed force has been determined to be 8.52 · 10 −6 ton/mm 2 (0.0836 MPa) using experimental modal analysis by taking the acceleration values obtained experimentally into account. We measured the accelerations in different points of the system and then conducted a series of forced vibration finite element analyses with different force values until we achieved the acceleration values obtained by the experiments. This force value can be used in any modal analysis of this model.
By examining the related standard, it has been observed that the acceleration values on the basket are very high for workers. After the reconstruction, we observed a significant reduction in the acceleration values. The acceleration values on the basket before and after reconstruction are presented in Table 9 . According to the related standard (ISO 2631), which defines the maximum allowed acceleration values for a worker, the acceleration values on the basket after reconstruction stay considerably under the limits for the operating frequency. Tables 4-7 indicate that five-boom analytical models can be accepted instead of full assemblies because parts other than the booms have little effect on the frequencies. Therefore, we can agree that the telescopic platform can be taken as a connection of beams with varying cross-sections for frequency calculations. The results also show that the point mass, which replaces the masses of the basket and workers in the analytical model, causes very little difference on natural frequencies but only changes the mode shapes. The point mass has no effect on torsional modes.
